Abstract. Limitations of current sensors include large dimensions, sometimes limited sensitivity and inherent single-parameter measurement capability. Surface-enhanced Raman spectroscopy can be utilized for environment and pharmaceutical applications with the intensity of the Raman scattering enhanced by a factor of 10 6 . By fabricating and characterizing an integrated optical waveguide beneath a nanostructured precious metal coated surface a new surface-enhanced Raman spectroscopy sensing arrangement can be achieved. Nanostructured sensors can provide both multiparameter and high-resolution sensing. Using the slab waveguide core to interrogate the nanostructures at the base allows for the emission to reach discrete sensing areas effectively and should provide ideal parameters for maximum Raman interactions. Thin slab waveguide films of silicon oxynitride were etched and gold coated to create localized nanostructured sensing areas of various pitch, diameter, and shape. These were interrogated using a Ti:Sapphire laser tuned to 785-nm end coupled into the slab waveguide. The nanostructured sensors vertically projected a Raman signal, which was used to actively detect a thin layer of benzyl mercaptan attached to the sensors.
Introduction
Raman spectroscopy is a useful analytical technique for the identification of molecules. A laser source interacts with an unknown chemical sample and the light scattered from the surface is detected and analyzed. Most of the incident wavelength will undergo elastic scattering, however, a small amount of the scattered light will undergo inelastic scattering over a range of different wavelengths. These wavelengths are indicative of the vibrational transitions in the molecules of the unknown chemical sample. These vibrational transitions are dependent on the molecules; therefore, the inelastic scattering can be used to identify functional subgroups of the test molecule. 1 Devices capable of molecular detection are of great interest for many applications including cancer cell detection, [2] [3] [4] drug analysis, 5, 6 and explosives detection. 7, 8 Although extremely useful for bulk sample identification, conventional Raman spectroscopy has limited applications as the level of detection of the inelastic-scattered light is very low. 3 Several methods have been proposed to increase Raman scattering efficiency, including stimulated Raman processes and other resonance enhancements; however, the most significant amplification of the Raman signal is provided by surface-enhanced Raman spectroscopy (SERS).
SERS is a Raman spectroscopic technique that provides greatly enhanced Raman signal from Raman-active analyte molecules that have been adsorbed onto certain specially prepared metal surfaces. Since the first observations in 1974, 9 interest and applications for SERS have grown exponentially. In contrast to standard Raman spectroscopy SERS benefits from high sensitivity and surface selectivity. 10, 11 This technique can be used to identify and quantify molecules, viruses, and bacteria in low quantities.
The benefit of SERS lies with its ability to effectively "fingerprint" chemical species applicable to a wide variety of fields including material science, 12, 13 biochemistry and biosensing, [2] [3] [4] [5] [6] [14] [15] [16] and electrochemistry. 17, 18 The dominant mechanism for most SERS processes is electromagnetic enhancement from the amplification of light by the excitation of localized surface plasmon resonances.
In conventional SERS sensors, the excitation field is incident normal to the surface and couples to surface plasmon modes associated with flat or randomly roughed precious metal surfaces, which are inherently localized within a few tens of nanometers to the surface of the device. When light is incident on the surface, a plasmon is excited which increases the local field energy in the vicinity of the target molecule thereby enhancing the intensity of the Raman-scattered light.
In this article, we further our investigation into a novel configuration for the excitation of SERS active molecules by fabricating and characterizing nanofeatures etched directly into a slab waveguide core. This provides a first step toward creating a fully integrated multiparameter SERS sensor device, which could be manufactured by low cost, roll-to-roll or sheet level imprinting. In comparison to conventional SERS, the novelty of this article is in the method, in which the SERS measurements are performed. The 785-nm laser probe is coupled in to the slab waveguide core in line with the sensing area. The laser interacts with the sensing region and the vertically projected signal is measured using a Raman probe.
FDTD Simulations
Finite-difference time-domain (FDTD) method is widely used to numerically simulate photonic devices 19 and allows calculation of the electromagnetic field as a function of time and space in a given refractive index structure in response to an electromagnetic excitation. A variety of nanofeatures etched into a silicon oxynitride SiO x N y core were modeled 20,21 using the commercial package FDTD solutions (Lumerical Solutions Inc, Vancouver, British Columbia, Canada). Figure 1 shows the propagating waveguide mode as it interacts with 500-nm diameter, 1000-nm pitch, and 400-nm etched cylindrical nanofeatures. The fine mesh used for the nanostructures was 8 nm in the x (perpendicular to mode propagation), y (along propagation direction), and z directions with an overall mesh accuracy of 4. The time step for each simulation was 0.018 fs with the complete simulation time set at 1000 fs.
Periodic boundary conditions were used in the x direction and perfectly matched layers (PML) were used in y and z directions. PML boundary conditions absorb the incident light with minimal reflections, by increasing the amount of layers any reflected light can be reduced. For each simulation, the number of PML layers was set at 24. By following standard convergence testing steps, errors in the simulation result were reduced. Initial sweep simulations started with a coarse mesh to reduce any sources of error such as PML reflectivity. The mesh size and accuracy sweep systemically decreased the mesh size around the nanostructures until the result converged. This was achieved using a mesh override region around the area of interest, i.e., the gold-coated nanostructures.
The results show substantial activity within each hole. However, as the mode continues the activity lessens. The results from these FDTD solutions simulations were verified by completing a range of examples of photonic crystal structures given on the Lumerical website. The modeling was then used to test the effect of lattice pitch (1000 to 2500 nm, 500 nm increment), and pit diameter (500 to 2250 nm, 250 nm increment) for a variety of etched nanostructures and was used to determine the optimum design.
20,21

Device Fabrication
This section gives details of the prototype-integrated test device layout and fabrication. The aim is to create a silicon-based waveguide-integrated SERS sensor prototype, which could then be mass produced using roll-to-roll or sheet level imprinting techniques. The polymer substrates proposed for the imprinting process will have a refractive index of ∼1.7, therefore for the prototype silicon-based devices, it was necessary to obtain a low loss thin film with similar refractive index. Silicon oxynitride (SiO x N y ) was chosen as a suitable candidate as the refractive index can be tuned between silicon nitride (2.0) and silicon oxide (1.48).
Initial test depositions for the SiO x N y layers were carried out on both square silicon test pieces for measuring the refractive index by ellipsometry, and on thermally oxidized silicon strips for checking waveguide losses and confirming the ellipsometry results using prism coupling. The refractive index at both 800 and 633 nm [Figs. 2(a) and 2(b)] shows a roughly exponential decay with increasing N 2 O flow rates. There is fair agreement with the results at 633 nm from both the variable angle ellipsometer and the Metricon (Pennington, New Jersey) prism coupler. The target index of 1.7 was met by using an N 2 O flow rate of ∼120 sccm. As shown in Fig. 2(c) , the TE and TM waveguide losses for the initial correct refractive index layers were 8 dB∕cm.
X-ray photoelectron spectroscopy (XPS) was used on the thin-film layers deposited to determine their stoichiometric ratio. A microfocused monochromated Al Kα x-ray source was set to illuminate a spot of 400 μm in size using 50-eV pass energy and 0.1-eV step size for each element specific scan. During the XPS survey spectrum for each material, the C 1-s peak at a binding energy of 284.8 eV was observed; this was attributed to the surface contamination after exposure to air and was used to verify charge compensation by the low-energy electron flood gun. These results are shown in Fig. 2(d) .
To reduce the waveguide losses of the deposited layer, depositions were performed to assess the influence of the plasma frequency on the refractive index and optical losses. A 20-s cycle period was defined whereby the system would deposit in low-frequency (LF, 100 kHz) mode for a fraction of that period, and in high-frequency (HF, 13.56 MHz) mode for the remainder. Increasing the proportion of time spent running in LF mode was found to increase the measured (ellipsometric) refractive index at λ ¼ 800 nm from 1.707 for zero LF power to 1.747 for total LF power. This change in refractive index was compensated for in subsequent runs by increasing the N 2 O flow rate to 210 sccm. More importantly, the optical losses measured at 632.8 nm reduced to 1 dB∕cm, as shown in Fig. 3(b) . Using the completely LF process, 1 μm lowloss, index-matched SiO x N y was deposited on a 100-mm thermal oxidized silicon wafer for e-beam pattern generation.
In its as-deposited state, SiO x N y deposited by plasma enhanced chemical vapour deposition (PECVD) is heavily contaminated by hydrogen. The percentage of hydrogen incorporated can be up to 20 at. %, although this fact is not apparent from the measured XPS data owing to the technique's inability to detect such a low-mass atom. The hydrogen contamination, and specifically the N-H bonding, is known to cause severe optical losses at telecoms wavelengths whereas losses at visible wavelengths are not seriously affected. A series of LF-deposited samples were annealed for 2 h at temperatures of 400°C, 600°C, 800°C, and 1000°C in an inert Ar atmosphere. The samples were very slowly (5 mm∕ min) loaded into a tube furnace preheated to 200°C and the temperature ramped up to the annealing temperature at 5°C∕ min. Figure 4 clearly indicates that the already low-loss material was significantly improved to the point, where losses hit the lower sensitivity limit of the measurement system. Although there was little difference in the underlying material absorption at temperatures above 600°C, there were very noticeable (visible) points of strong scattering for annealing at 800°C and above. This was attributed to nucleation of the component materials at these sites. Figure 4 also shows that there is an almost linear decrease in the refractive index as the annealing temperature is increased.
The layout of the device chip is shown in Fig. 5 and was devised to test the effect of lattice pitch (1000 to 2500 nm, 500 nm increment) and pit diameter (500 to 2250 nm, 250 nm increment) in accordance with FDTD simulation results. 20 Each chip included sensors areas 25, 50, and 100 rows wide in either a 0 or 45-deg orientation. Square and circular straight-sided etched holes were arranged as separate test chips. A 400-nm layer of ZEP520A e-beam resist was spun on top of the wafers and patterned by direct write e-beam lithography.
After development [MIBK:IPA (1∶3, 30 s)], the patterned wafers were etched in a parallel plate reactive ion etch system (OIPT PlasmaLab 80+, Bristol, United Kingdom). The etch was 30 s in duration using CHF 3 ∕Ar (25∕25 sccm) etch chemistry and 200-W RF power. Each etch step was separated by cooling periods of 60 s using a N 2 (68 sccm) gas flow. These two steps were looped 32 times for a total of 16 min etching time. All other process parameters remained constant (18°C, 30 mT). The long nitrogen cooling step was found to be necessary to avoid burning the resist mask. Once etched the wafers were then returned to the e-beam tool before metallization to define an open resist window around the nanostructured sensor.
A metal lift off process was used to selectively coat the sensor area with a metal bi-layer consisting of 1-nm Cr and 25-nm Au using angled e-gun evaporation process (Leybold Optics LAB700, Alzenau, Germany). The wafer was then left overnight in N-Methyl-2-pyrrolidone (NMP) to lift off the Cr/Au around the sensor areas as shown in Fig. 5 . This step was done to remove any gold from the input/output waveguide areas thus reducing the possibility of loss due to the interaction of the probe and the Au surface.
Waveguide Coupling
The fabricated wafer was diced into individual test chips and polished for optical and normal incident Raman measurements. To test coupling from the underlying waveguide to the SERS/ SPR sensor region (metalized holes) a Spectra Physics (Santa Clara, California) Ti:Sapphire laser tuned to 800 nm was used as a probe source and coupled into the underlying waveguide core using an f ¼ 11-mm aspheric lens. The nanostructured sensor test chip used was 500-nm diameter etched holes at 1000-nm lattice pitch. Each sensor area was probed and the intensity of light emerging at the output of the waveguide was measured using a Jobin Yvon spectrometer. A small piece of card was placed on top of the test chip to block any residual-uncoupled light, which might otherwise project along the surface of the waveguide. Coupling to the sensor region would in this case be expected to give rise to a reduction in transmission. Figure 6 shows the intensity for each sensor area for (a) 0 deg and (b) 45 deg orientation after two neutral density filters with optical densities 2 (1% transmission) and 3 (0.1% transmission).
By utilizing the waveguide, the sensing region can be interrogated from underneath and any field interaction with the gold nanostructures can be monitored from above the sensor. A Spectra Physics Ti:Sapphire laser tuned to 785 nm was used as a probe source and coupled into the underlying waveguide core of the 500-nm diameter etched holes at 1000-nm lattice pitch sensor using an f ¼ 11-mm aspheric lens. A Raman probe (InPhotonics, Norwood, Massachusetts) was positioned over the 25 and 100 row sensor and the laser was aligned so that the waveguide mode was incident on the central area of the etched nanostructures (as shown in Fig. 5 ). Figure 7 shows the comparison between the 25 and 100 row for the premolecule-coated signal vertically projected from the sensor. As can be seen, regardless of the amount of rows used the light vertically projected and detected by the Raman probe does not change. The peaks seen were attributed to the SiO x N y of the underlying waveguide core. Figure 8 shows the normal incident Raman from four different test chips with the same lattice pitch (1000 nm) but varying hole diameter (500 and 750 nm) and etched nanofeatures (circular or square etched holes) after application of benzyl mercaptan (C 6 H 5 CH 2 SH) (BZM) Raman active test molecule. The concentration of the BZM molecule was constant for all test chips at 29.3 μL in 50 mL of ethanol and each test chip was incubated for 1 h in the mixture.
Conventional Raman Spectroscopy
The results show the devices are SERS active with sharp peaks and relatively high counts (for low thickness of Au) noticed at ∼1000 and ∼1600 cm −1 . These were associated with the trigonal ring "breathing" (990 to 1010 cm −1 ) and the ring stretches (doublet) (1550 to 1630 cm −1 ) of A Raman signal associated with BZM can be seen at ∼1000 cm −1 and ∼1600 cm −1 for all of the test samples measured. Fig. 9 Raman spectroscopy comparison between Klarite (black) and integrated SERS (red).
the benzyl mercaptan molecule. In all cases measurement parameters were 20-mW power (10% of maximum), 10-s exposure time, 1 accumulation, 50× magnification and a 0.75NA. It is interesting to note that 750-nm hole diameter gives larger overall signal level compared with 500-nm diameter, suggesting that designs with high air filling fraction may give better SERS signal. The total number of counts is also relatively high considering the very thin (25 nm) gold layer. Hence, these measurements prove that the gold thickness and nanostructure morphology is suitable for SERS sensing. Figure 9 shows the comparison between normal incident Raman measurements for circular etched holes, 1000-nm pitch, 750-nm diameter, silicon oxynitride, and 25-nm Au (red trace) and the standard Klarite™ test chip (black trace-Pyramidal pits, 2000-nm pitch, 1500-nm diameter, silicon 300-nm Au, Renishaw Diagnostics Ltd., Glasgow, Scotland, United Kingdom). A reduced power (0.2 mW) was used for the Klarite™ Raman measurement compared with the integrated test chip (20 mW) . This was attributed to the thickness of the Au used in both cases. The Klarite™ chip (300-nm Au) is much more reflective than the test chip (25-nm Au) and would therefore give a much higher intensity count at modest power levels due to the reflection of the incident laser power. The fabricated test chips require an optically thin layer of gold to allow for the probe to interact with the coated nanostructures. This result confirms that it is possible to achieve a large intensity signal from a optically thin-coated nanostructured waveguide SERS in a normal incident Raman measurement arrangement.
Conclusions
Thin films of silicon oxynitride were deposited using PECVD on to thermal oxide coated 4 inch wafers and annealed at various temperatures to obtain low-loss layers suitable for the waveguide core material. The layout of the device wafer was devised to test the effect of lattice pitch (1000 to 2500 nm), and pit diameter (500 to 2250 nm) in accordance with the simulation results. Each chip included 25, 50, and 100 rows in either 0 deg or 45-deg lattice orientation. Square and circular pits were arranged as separate test chips. This produced approximately 70 different designs to be optically tested. The wafer was diced and polished and optically tested using a Ti:Sapphire laser tuned to 800 nm with the transmission intensity at the output end measured using a spectrometer. The 25 row sensor gave the highest intensity/transmission as would be expect due to the reduced number of holes. A waveguide Raman experiment was completed using a Raman probe mounted above the sensor area with the Ti:Sapphire laser end fire coupled into the slab waveguide. The measurement was done on a sample without BZM coating. The results showed a strong signal below 1000 cm −1 attributed to the lattice vibrations of SiO x N y . Normal incident Raman spectroscopy was performed on several of the BZM-coated samples. The test chips were shown to be SERS active using only ∼25-nm-thick gold. The graphs show sharp peaks and relatively high counts at ∼1000 and 1600 cm −1 associated with trigonal ring "breathing" (990 to 1010 cm −1 ) and the ring stretches (doublet) (1550 to 1630 cm −1 ) of the benzyl mercaptan molecule. It was also shown that designs with high air filling fraction gave better SERS signals. The normal incident Raman results for the integrated SERS prototype were compared with the industry standard Klarite™ and were shown to have excellent agreement. This result confirms that it is possible to achieve a signal from a thinly coated nanostructured waveguide SERS in a normal incident Raman measurement arrangement. company manufacturing short pulse diode pumped actively Q-switched solid state lasers and funded entirely by the Royal Commission for the Exhibition of 1851.
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